The contamination of ready-to-eat (RTE) meat products with Listeria monocytogenes is a major concern for the food industry. For a better understanding of the adaptation and survival ability of L. monocytogenes grown on turkey deli meat, the transcriptome of L. monocytogenes strain F2365 was determined with a microarray. Microarray data were validated with a quantitative real-time reverse transcription PCR assay. Based on the microarray data, 39 and 45 genes from L. monocytogenes were transcriptionally upregulated and down-regulated, respectively. The genes regulated at the transcriptional level were mainly involved in energy metabolism, fatty acid and phospholipid metabolism, biosynthesis of proteins, transport and binding proteins, DNA metabolism, cellular processes, and regulatory functions. No significant change was noted for the expression of genes encoding known virulence factors such as sigB, prfA, inlA, inlB, plcA, plcB, and hly. These results suggest that L. monocytogenes grown on RTE deli meat changes its transcription of proteins involved in its metabolic pathways to obtain an energy source or to adapt to environmental change without increasing the expression of virulence factors. The global transcriptome profiles provide a better understanding of the growth or adaptation of L. monocytogenes in RTE meat products.
The gram-positive facultative intracellular bacterium Listeria monocytogenes is a foodborne pathogen that causes human listeriosis. The pathogen, found in the natural environment and in food, can survive and proliferate in food products under extreme conditions such as high acidity, low temperature, high osmolarity, and high hydrostatic pressure (5, 6, 26) . The concern about the prevalence of L. monocytogenes in ready-to-eat (RTE) food has been escalated by foodborne outbreaks of listeriosis acquired through the consumption of contaminated RTE meat products, particular turkey deli slices. Risk assessment by the U.S. Food and Drug Administration (FDA) revealed that turkey deli meat is one of the potential sources for L. monocytogenes infection. The U.S. Food Safety and Inspection Service recommends that turkey deli meat be consumed within 5 days after opening the package. Among the 13 serotypes of L. monocytogenes, serotype 4b is commonly associated with human outbreaks of listeriosis in susceptible individuals (10, 29) .
Salt has been considered as an antibacterial agent and an essential additive to enhance flavor, texture, and shelf life of meat products (20) . Antimicrobial growth inhibitors including lactates and diacetates used in retail-sliced or prepackaged RTE deli meat also play an important role in controlling L. monocytogenes growth during refrigerated storage (15, 18) . However, in a previous study, the inhibitory effects of salt and organic acids on the growth of L. monocytogenes during the processing of RTE turkey meat products was limited (14) . The effects of acidic, osmotic, or nutritional stresses on the survival or adaptation of L. monocytogenes grown in brain heart infusion (BHI) or an artificial medium have been investigated (22, 23) . Burnett and colleagues (2) found that RTE meat products were a good medium for the growth of L. monocytogenes. However, little is known about how L. monocytogenes adapts and multiplies in a RTE meat matrix and how the adaptive changes affect the ability of this pathogen to cause disease in humans. High levels of L. monocytogenes in RTE foods cause human listeriosis (9) . The objective of this study was to determine the differential transcriptome profiles of L. monocytogenes strains grown on delicatessen turkey meat or BHI inoculated with a high initial levels of L. monocytogenes.
MATERIALS AND METHODS
Bacterial cultivation and growth. Commercial packages of RTE deli slices of smoked turkey breast containing 0.9% sodium and a low level of microbial growth inhibitors such as potassium lactate, sugar, sodium phosphate, potassium chloride, sodium acetate, sodium ascorbate, and sodium nitrite were purchased and stored at 4uC until used. A high concentration of protein and about 1 to 2% (wt/wt) sodium chloride are found in RTE meat products but not in BHI agar. L. monocytogenes strain F2365 (American Type Culture Collection, Manassas, VA) was maintained in a BHI (Difco, BD, Sparks, MD) broth with 20% glycerol at 280uC until used. Fifty microliters of F2365 from a frozen stock was inoculated and grown in 5 ml of BHI broth at 37uC overnight as previously described (17) . Twenty microliters of the bacterial culture (approximately 1.0 | 10 6 CFU/ml) was inoculated into 5 ml of fresh BHI broth and incubated at 37uC for 7 h in a MaxQ 4000 incubating and orbital shaker (Barnstead/Lab-Line, Dubuque, IA) at 180 rpm until the optical density at 600 nm was approximately 0.8. Turkey deli slices were placed into a sterile stomacher bag. The surface area of a turkey slice was about five times larger than that of the BHI agar plate. Thus, 200 ml and 1 ml of the inoculum (about 5.9 | 10 5 CFU/cm 2 ) were spread on BHI agar plates (10-cm diameter) and on both sides of a turkey slice in a stomacher bag, respectively. Bacteria were then incubated at 15uC for 5 days in a BOD10 refrigerated incubator (Thermo Fisher ScientificRevco, Asheville, NC) to mimic a temperature abuse condition. For the bacterial growth curve, 5.5 | 10 3 cells per cm 2 were placed on a turkey slice or a BHI agar plate at 15uC, and culture samples were collected at 8, 16, 24, 48, 72, 96 , and 120 h after inoculation. Bacteria were washed and collected from BHI agar plates and turkey slices using 10 and 40 ml, respectively, of phosphate-buffered saline (pH 7.4) (PBS; Invitrogen, Carlsbad, CA). Bacterial cells were then enumerated by plate counts. Data were obtained from two independent experiments using quadruplicate plates for each time point. Data for bacterial growth were analyzed with an analysis of variance using the SAS program (version 9.1.3, SAS Institute, Cary, NC).
Cell collection and RNA isolation. L. monocytogenes grown on BHI agar or turkey deli slices was collected after 5 days of incubation at 15uC for RNA extraction. Bags containing turkey slices and PBS were shaken with a reciprocal shaker (model 3506, Lab-Line Instruments, Melrose Park, IL) at maximum speed for 5 min. The bacterial suspension was collected in a syringe and mixed with RNA Protect (Qiagen, Valencia, CA) at a ratio of 1:2 (bacterial suspension:RNA Protect). The mixture was incubated for 10 min at room temperature and centrifuged at 7,000 | g at 4uC for 10 min. Total RNA was extracted from the bacterial pellet and purified with Trizol (Invitrogen) and the RNeasy Mini Kit (Qiagen), respectively. The quality and concentration of the RNA was determined with an Agilent 2100 bioanalyzer (Agilent Technologies, Wilmington, DE) and the Nanodrop ND1000 UVVis spectrophotometer (Nanodrop Technologies, Wilmington, DE), respectively. Mean Total RNA was extracted, purified, and reverse transcribed into cDNA according to slightly modified microarray protocols provided by PFGRC (ftp://ftp.jcvi.org/pub/data/PFGRC/MAIN/ pdf_files/protocols/). About 2.5 mg of the total RNA for cDNA synthesis was reverse transcribed with 2 ml of Smart reverse transcriptase (Clontech, Palo Alto, CA) and 1 ml of random hexamers in the presence of 0.1 M dithiothreitol (DTT) and 25 mM concentrations of the deoxynucleoside triphosphates with a 3:2 ratio of aminoallyl-dUTP, and dTTP (Ambion, Austin, TX) and incubated at 42uC for 16 h in a water bath. After completion of cDNA synthesis, the cDNA was purified, and unincorporated aadUTP was removed with a MinElute PCR purification kit (Qiagen) according to the manufacturer's instructions. The purified cDNA was resuspended in 0.1 M sodium carbonate buffer (pH 9.3), labeled with cyanine 3 (cy3) or cyanine 5 (cy5) dyes (Amersham Pharmacia Biotech, Piscataway, NJ), and purified with the MinElute PCR purification kit. The labeling reaction on the purified cDNA was analyzed by measuring absorbance readings at 260, 650, and 550 nm with the Nanodrop spectrophotometer. About 6.0 mg of each cDNA labeled with cy3 and cy5 were Microarray data analysis. The two-channel microarray slides labeled with cy3 and cy5 were scanned at 10-mm resolution with around 700 photomultiplier tubes on the cy3 (532 nm) and cy5 (635 nm) channels with a GenePix 4000B microarray scanner (Axon Instruments, Union City, CA). TM4 software developed by PFGRC, including the Spotfinder, Ginkgo, and Magnolia programs, was used to analyze microarray data. Tiff image files were converted to data files. The signal intensity of spots on the slides was adjusted and quantified by background subtraction with the Spotfinder program. Locally weighted least squares normalization of the data was performed using the Ginkgo program. Simple omnibus format in text, converted from the processed data file by Magnolia 1.2, was used to deposit data to Gene Expression Omnibus. Values from the normalized data were transformed to a log 2 scale. Three independent experiments using quadruplicate samples per experiment (n~12) were conducted. Each independent experiment included a set of flip dye assays. A difference of $1.5-fold on the log 2 scale for the mean level of gene transcripts obtained from each gene on the 12 slides was considered significant. The differentially expressed genes from two-channel microarray data are presented at a significance level of P , 0.05. A 10 to 14.29% trimmed mean was used to eliminate extreme observations. The log 2 ratio for each gene was analyzed with Student's t test in the SAS program. An annotation file provided by PFGRC was used to classify genes (http://cmr.jcvi. org/cgi-bin/CMR/shared/MakeFrontPages.cgi?page~searches& crumbs~searches). The microarray data are available at http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc~GSE20274.
qRT-PCR. Primers listed in Table 1 were designed with Gene Runner software (http://www.generunner.net/), and the primers were synthesized by MWG Biotech Inc. (Huntsville, AL). The expression levels of selected upregulated and down-regulated genes were validated by quantitative real-time reverse transcription PCR (qRT-PCR). The cDNA was synthesized with a two-step reverse transcription kit (Applied Biosystems, Foster City, CA) from the same samples used for the microarray experiments. The cDNA concentration was measured with the Nanodrop spectrophotometer. A 70-ng sample of the cDNA with Power SYBR Green PCR Master Mix (Applied Biosystems) in a final volume of 25 ml was amplified by PCR. The amplification was performed with a Mx3005P RealTime PCR system (Stratagene Inc., La Jolla, CA). The mixture was initially incubated at 95uC for 10 min followed by 40 cycles of 95uC for 15 s, 58uC for 45 s, and 72uC for 30 s for PCR. The rpoD (forward: 59-TGGATTCGTCAAGCGATAACC-39; reverse: 59-GCACCGGAATACGGATIGTT-39) and gap (forward: 59-AC-CAGTGTAAGCGTGAA-39; reverse: 59-TCACAGCGCAAGA-CAAA-39) primers were used as an internal control to normalize the expression rate of each gene (24, 28) . The mRNA expression levels of the target genes were calculated based on the mean value of the threshold cycle (Ct) with this formula: (Ct of target gene)/(mean Ct of rpoD and gap). Four independent experiments using triplicate RNA samples for each experiment were conducted (n~12). The mRNA expression levels of the target genes were analyzed with Student's t test in the SAS program.
RESULTS AND DISCUSSION
Various levels of L. monocytogenes have been found in RTE food products collected from patients' refrigerators, retail stores, or plants during epidemiologic studies on human listeriosis (9). Farber (9) concluded that contaminated RTE foods that caused listeriosis in healthy adults contained various levels of L. monocytogenes ranging from 1.3 | 10 6 to 2.1 | 10 9 CFU/g. In the present study, we inoculated L. monocytogenes F2365 at 1.1 | 10 7 CFU/g (5.9 | 10 5 CFU/cm 2 ) onto sliced turkey meat and incubated the meat at 15uC for 5 days. Extended temperature abuse may be associated with outbreaks of listeriosis because such abuse can lead to the growth of L. monocytogenes in contaminated food (19) . This study was conducted to determine the global transcriptome profiles of L. monocytogenes grown on a RTE meat matrix under the conditions of high initial levels of L. monocytogenes, temperature abuse, and a maximum storage time (as proposed by the FDA), conditions associated with human listeriosis cases contracted from consumption of RTE deli meat products. In a previous study, global transcriptome profiling of L. monocytogenes strain F2365 was conducted on bacteria grown in a liquid food and utilized custom-made oligonucleotide microarray chips (13) . The current study of the same strain was conducted for gene transcriptional levels on a solid food matrix rather than an agar culture medium.
The growth of L. monocytogenes on turkey deli slices was significantly decreased (P , 0.05) after 8 h of incubation compared with growth on the BHI agar (Fig. 1) . Thirty-nine and 45 genes of strain F2365 grown on the turkey slices were upregulated and down-regulated, respectively, when compared with those genes in the cultures grown on BHI agar (Tables 2 and 3) . Microarray data were validated by qRT-PCR. A positive linear correlation (R~0.89) was found between the qRT-PCR and the microarray data ( Table 4 ). The significantly up-or down-regulated genes were classified into groups based on their cellular functions using annotation of L. monocytogenes strain F2365 provided by the PFGRC. The up-and down-regulated genes were largely categorized into groups based on the functions of their end products, including energy metabolism, fatty acid and phospholipid metabolism, biosynthesis of proteins, transport and binding proteins, DNA metabolism, cellular processes, and regulatory functions (Tables 2 and 3) . Results indicate that L. monocytogenes grown on RTE deli meat changes transcription of the genes involved in its metabolic pathways, suggesting that the changed gene transcriptional activity of the pathogen may be involved in survival or adaptation to osmotic and nutrient changes.
Regarding energy metabolism, the transcript levels of genes at loci LMOf2365_0366, LMOf2365_1074, LMOf2365_1395, and LMOf2365_1641 were increased, Thompson et al. (25) found that the growth of L. monocytogenes with a double mutation of genes for alanine racemase (dal) and D-amino acid aminotransferase (dat), which are involved in the reaction of L-alanine oxidation to pyruvate via D-alanine, was notably decreased in culture medium supplemented with D-alanine. Therefore, the increased transcription of the gene at LMOf2365_1641 may be implicated in an increase in synthesis of the bacterial cell wall for the proliferation of L. monocytogenes on a turkey matrix. In contrast, all three genes (LMOf2365_2429, LMOf2365_2430, and LMOf2365_2431) that participate in a glycolytic pathway to catalyze the conversion of glyceraldehyde-3-phosphate from dihydroxyacetone phosphate to pyruvate used as a substrate in the Krebs cycle were down-regulated. The decreased expression of glycolytic enzymes may be the result of decreased energy needs in bacteria grown in an environment that contains a high concentration of ATP, phosphenolpyuvate (PEP), or carbohydrates.
The expression of the gene at LMOf2365_1023, encoding the phosphocarrier protein HPr, also was upregulated. HPr is involved in the phosphorylation of a transport and binding protein important in L. monocytogenes for the uptake carbohydrates, which are chemically modified and enter into cells via the phosphorylation cascade reaction of the components of the PEP-dependent phosphotransferase system (PTS). The increased HPr induces sugar uptake (7). Therefore, the increased transcription of the LMOf2365_1023 gene in L. monocytogenes grown on a turkey matrix may induce the phosphorylation activity of PTS components, resulting in the induction of more sugar uptake.
The transcription of the LMOf2365_1317 (glutamine synthetase type I) gene was increased 3.42-fold, but that of the LMOf2365_2134 (glutamine aminotransferase) gene was decreased by 4.40-fold. Glutamine is an essential amino acid for protein synthesis and an energy source in cell growth or division (27) , and de novo nucleotide biosynthesis plays a major role in the growth of bacteria (21) . Genes encoding proteins associated with the synthesis of purines and pyrimidine and transport and binding of ribonucleotides (LMOf2365_1864, LMOf2365_1865, LMOf2365_1867, LMOf2365_868, and LMOf2365_2746) also were upregulated. An increase in glutamine concentration achieved through the changes in transcriptional activities of genes may affect bacterial growth.
The transcription of LMOf2365_0054 and LMOf2365_2045 genes (divIVA) was upregulated. These genes are involved in encoding single-strand binding and cell division proteins, respectively. A previous study revealed that the single-stranded DNA-binding proteins bind DNA or interact with enzymes for the maintenance of genome integrity by participating in DNA replication, recombination, or repair (16) . The growth of Streptococcus pneumoniae with a mutant divIVA, which encodes a cell division protein, was severely inhibited, and morphological changes and abnormal cell division were observed (8) .
The transcription of LMOf2365_0544, LMOf2365_1004, LMOf2365_1479, LMOf2365_1826, LMOf2365_2224, LMOf2365_2263, and LMOf2365_2461 genes was downregulated. These down-regulated genes encode a universal stress protein family and cellular detoxification protein, which are increased under harsh environmental conditions (3). Our data suggest that L. monocytogenes may not be severely stressed when grown on turkey deli meat at 15uC.
In conclusion, outbreaks of listeriosis due to ingestion of contaminated RTE meat products have become a major concern. In the United States, the food industry has made a tremendous effort to implement a zero tolerance for L. monocytogenes in RTE meat products. The treatment of RTE products with salt, organic acids, or high pressure is commonly used to inhibit bacterial cell growth or prevent cross-contamination (14) . The present study revealed the physiological changes that occur at the transcriptional level in L. monocytogenes grown on an RTE meat matrix. In our previous study, we found that L. monocytogenes grown on an RTE turkey matrix was more invasive in the mouse macrophage cell line J774A.1 than was this pathogen grown on BHI (12) . The sigB and prfA transcriptional regulator genes can be activated under various extracellular conditions (e.g., osmotic, oxidative, acidic, or nutritional stress) or intracellular conditions. The stress-response or virulence genes such as cspD, lmo1601, bsh, bilE operon, inlA, inlB, plcA, plcB, actA, and hly are mediated by sigB or/and prfA activity (4, 11) . However, the transcription levels of genes associated with stress responses and virulence (inlA, inlB, plcA, plcB, actA, hly, prfA, and sigB) in L. monocytogenes grown on turkey deli slices were not significantly different from the levels of these genes in L. monocytogenes grown on BHI agar plates (data not shown). This lack of difference may due to the RTE deli meat product used in the study. The commercial product contained less than 2% salt and organic acid compounds by weight. The amount of these antilisterial agents may affect the stress resistance of L. monocytogenes grown on RTE turkey deli slices. Specific genes involved in energy metabolism, biosynthesis of proteins, and cellular processes affect listerial growth and/ or adaptation to a RTE meat matrix differed in the cultures grown in the two media. Our data provide a basis for understanding how the physiology of L. monocytogenes changes when grown in an RTE turkey matrix. The microarray database provides a baseline for further study of how L. monocytogenes behaves under conditions of high levels of L. monocytogenes contamination for extended periods of temperature abuse and during the maximum storage time recommended for deli turkey slices.
